1 Abstract-A novel maximum power point tracking method based on sliding mode control and average state model of PV generation systems is developed. This method consists of two parts: term of constant control and term of index control. It is different from the conventional sliding mode control which uses a constant speed control law. The developed method uses a controllable sliding mode switching function which can automatically adjust the approaching speed, so as to enable the photovoltaic system to achieve fast dynamic response and stable output power. System simulations using MATLAB are performed. Compared with conventional methods, simulation results show that maximum power point tracking times for the novel method both in start-up phase and in cases of environmental changes can be shorten by more than 50%. A experimental platform of 150W PV system has been established to conduct tests. Experimental results show that the maximum power point tracking times both in start-up phase and in load stepping phase including the illumination change phase, can be significantly decreased. These results indicate that the developed method owns better dynamic response than constant speed control law. It can be used in photovoltaic generation system. Index Terms-MPPT, PV, sliding-mode control.
I. INTRODUCTION
UCH attention has been paid to the energy crisis due to the increasing consumption of the limited fossil fuel resources. Since solar energy is an ideal renewable energy, which is pollution-free, noiseless and inexhaustible, the utilization and conversion technologies of solar energy have been widely developed over the last several decades. Usually, photovoltaic power generation system (PPGS), which consists of photovoltaic (PV) arrays and power electronic converters, is the application equipment widely used to collect and convert solar energy into electric power. However, the output characteristics of PV cell, such as the power-voltage curve and current-voltage curve, are nonlinear and are largely affected by environmental changes. To maximize the output power of PPGS, maximum power point tracking (MPPT) technology has been widely applied [1] [2] [3] .
Several MPPT Algorithms have been developed [4] . Among the developed algorithms, the simple open circuit voltage (OCV) method usually takes the position at the eighty percent of the open voltage of PV cell as the maximum power point Manuscript was submitted for review on 26, March, 2018. This work was supported in part by the hunan natural science foundation (2018jj2367), hunan science and technology plan project (2016tp1023).
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Digital Object Identifier 10.30941/CESTEMS.2018.00038 [5] .This strategy is very simple. However, the method must detect the PV output voltage periodically, so the aforementioned maximum power point is not accurate enough. A lot of versions based on perturbation and observation (P&O) method which is widely adopted in MPPT have been presented in several literatures [6] [7] [8] .The P&O method is widely used due to its simple implementation. However, the P&O method keeps on working even at the maximum power point. As a result, it will decrease the efficiency of power generation. Moreover, once the condition changes, P&O method still has the possibility of errors in determining the maximum power point. Another classical method is called the incremental conductance (INC) [9] which uses the characteristics of the power-voltage curve of the solar cell to find the maximum power point. The maximum power point occurs when the slope of the power-voltage curve becomes zero. The INC can improve the tracking accuracy and dynamic performances under rapidly varying conditions. However, perturbations still exist near the maximum power point. Other tracking algorithms, such as Particle swarm method [2] , Fuzzy control method [10] [11] [12] and Neural Network Control method [3] exhibit precise tracking capability, but they are complicated to apply. Sliding-mode control (SMC) [14] [15] [16] [17] has powerful ability for the control of uncertain systems, the system controlled by sliding-mode control exhibits robustness properties with respect to both internal parameter uncertainties and external disturbances. Up to now, sliding-mode control has been widely used in power electronic equipment, and many algorithms based on sliding mode control have been developed for tracking maximum power point of a solar cell. A well-known application called terminal sliding mode control (TSMC) based MPPT scheme, has been proposed by reference [18] . The TSMC was developed [19] [20] to improve the convergence of the tracking error. Instead of using linear hyper-plane as the sliding surfaces, the TSMC adopts nonlinear sliding surfaces which allow tracking error convergences of TSMC to be accomplished in finite time. In the TSMC based MPPT scheme, the maximum power voltage (MPV) reference is obtained by using an incremental conductance method, then the TMSC is proposed to drive the system to the maximum power voltage reference. TSMC is mainly used to optimize the steady-state performance near the maximum power point, and effectively reduce the chattering of the system in the vicinity of the maximum power point. However, when the MPV reference is obtained through the INC method, the MPPT will fail for real MPP under partially shaded conditions because multiple local maxima can be exhibited on the power-voltage characteristic curve. The above MPPT algorithms presented in the literature are voltage-based types. Reference [21] has proposed a current-based MPPT strategy, joining the benefits of a sliding mode inner current loop with the well-known advantages of an outer voltage-based control loop. The strategy allows to track uncommonly fast irradiance variations and is able to reject the low-frequency disturbances which affects the buck voltage in grid-connected applications and propagates back toward the PV generator. But the algorithm implementation is very complicated and requires additional current sensors. Usually, a fixed step control law [22] is applied to track the maximum power point, so that the method is known as constant speed sliding-mode MPPT (CSSM-MPPT). The use of a fixed step approach law will cause some problems because the step cannot be changed in the neighborhood of the maximum power point. Although the MPP can be achieved, the system will cause greater oscillation if a too large an approach law step is applied. To achieve a stable output power in the neighborhood of the MPP, a small approach step should be selected small, but it will bring about a slow dynamic response.
In this paper, a variable step of sliding-mode control method for MPPT referred to as index of sliding-mode MPPT (ISM-MPPT) is presented. The step size of this algorithm can be adjusted automatically. If the operating point is far from sliding surface, it increases the step size which enables a fast tracking ability. If the operating point is near the sliding surface, the step size becomes so small that the oscillation is well reduced to contribute a higher efficiency. The PV system configuration and control implementation for this proposed algorithm have been given, and a lot of simulations and experiments have been done. Meanwhile, the CSSM method has been selected to serve as a contrast to study the rapidity and dynamic response ability for MPP tracking .The results of simulations and experiments show that the MPP tracking performance can be greatly optimized by the proposed algorithm.
II. PRINCIPLE OF PROPOSED SLIDE MODE CONTROL

A. Characteristics of solar cell
According to photovoltaic effect, solar energy can be converted into direct current electric energy by the photovoltaic cell. The characteristics of photovoltaic cell can be described as follows.
The eqn. (1) and eqn. (2) are nonlinear. When S and T keep stable, the p-v characteristic curve of PV cell is unique; otherwise there will be different curves with various S and T, as shown in Fig 1 .
Being connected to a load, a PV array has a unique operating point, but not necessarily the maximum power point. Furthermore, as the load or environmental conditions change, the operating point will change. Therefore, a DC-DC converter which is located between the PV array and load is needed to make photovoltaic array to operate in maximum power point.
B. State-average Model of PPGS
The classical topology of PPGS with BUCK circuit is shown in Fig. 2 . The whole circuit works in inductive current continuous mode (ICCM). The dynamic mathematical model can be described as follows. Eqn. (3) 
If PPGS works in the Pulse Wide Modulation (PWM) mode, and the switching frequency is high enough (for example: more than 10 kHz) [24] , the states in Eqn. (3) and (4) can be equivalent to the average states during a switching period： 1 1
where V,I,IL,VR,IR represent the average of v,i, iL, vR , iR respectively in a switching cycle and d is the duty ratio of switch Q, and also the control variable of the system. Suppose:
The state-average model of PPGS can be obtained:
C. Design of Proposed slide-modeling controller 1. Sliding mode surface construction As for the PPGS shown in Fig.1 , the changes of variables are quite small if the switching frequency is high enough. Therefore, all variables can be replaced by the average value in a switching period. Eqn. (2) can be transformed as follows.
According to the photovoltaic properties, if system works at the MPP, then:
Where, P is the average value of p in a switching period, i.e. the average power of the system.
Based on the sliding-mode control theory and photovoltaic p-v curve, the switching function G(x) is chosen as follows in this paper:
2. Verifying of stability and convergence for the sliding mode control method.
According to the p-v curve, if G(x)>0, the operating point is on the left side of the MPP, where V<Vm and I >Im. In order to make the operating point move towards the MPP, the duty ratio d of the switch Q should be decreased. The average voltage V will increase and the average current I will decrease. On the contrary, if G(x)<0, the operating point is on the right side of the MPP, and the duty ratio d of switch Q should be increased to decrease the average voltage V and increase the average current I.
In order to make the PPGS to work at the maximum power point (Vm，Im), the sliding-mode control law must control the system state x moves from one position to the sliding-mode surface G(x)=0 within a limited time.
Sliding mode is a phase that the system state x operates on the sliding surface, which meets the Lyapunov stability theorem. Take the derivative of G(x):
where, deq is the equivalent control factor, i.e. the duty ratio of BUCK switch when the system works on the MPP. The process that the system state moves from the original position to the sliding-mode surface is named approaching process, which is also the process to control the photovoltaic power generation system tracking the maximum power point from any original state. In this process, the duty ratio d of the BUCK switch Q is different from deq, and could be expressed as:
where, dsw is the variation of duty ratio d, and used to control the sliding-mode approaching process.
In the condition that the PWM frequency of BUCK switch is given, if G(x)>0, the duty ratio d will decrease and dsw presents negative. On the contrary, G(x)<0, d will increase and dsw presents positive. While G(x)=0, d remain unchanged and dsw=0. Therefore, the sliding-mode control law d is designed as follows:
The farther G(x) deviates from the sliding-mode surface, and the greater the absolute value of dsw is, then the stronger the regulating ability of the system is and the faster approaching speed is. Compared with the constant speed approaching control law that only has -asgn(G(x)), approaching time is significantly improved by index sliding-mode control law. Moreover, if the operating point of system is quite close to the sliding-mode surface, i.e. G(x) is small enough, then dsw is equivalent to the constant speed approaching law with the amplitude. Accordingly, the system state can run to the sliding-mode surface within a limited time, and then the photovoltaic cell will work at the maximum power point. In order to minimize the approaching time and weaken the chattering, k should be set at a higher level and a at a lower level.
According to Eqn. (6) and Eqn. (10), equations can be established as follows:
Plug Eqn. (14) and Eqn. (15) into Eqn. (11), the equivalent control factor is:
Take Lyapunov function as follows:
Take the derivative of Eqn. (17) , the differential function must satisfy the formula (18) with the Lyapunov stability conditions:
From the formulas Eqn. (6) and Eqn. (10), we can get:
Substituting Eq. (8), (12), (13), (14), (15)into Eq.(19), we obta in Eqn. (20) as follows:
where, IL is the inductive current of BUCK circuit,
IL and F are all always greater than zero. According to Eqn. (20) ,
Therefore, the Lyapunov stability conditions are satisfied and stable sliding-mode control law is available.
According to the design theory above, the ISM-MPPT sliding-mode control law is:
D refers the duty cycle of switch Q. Since the range of duty cycle must meet 0≤D≤1, the real control signal is proposed as:
In the actual circuit, according to the comparison of a unit amplitude triangle-carrier-wave and the signal of actual duty ratio D, the PWM wave of BUCK switch with certain frequency is obtained and the constant frequency sliding-mode control for MPPT is realized.
D. Implementation of the ISM-MPPT Algorithm
It is unachievable to calculate the partial differential of I and V, which is proposed in Eqn. (10) in an actual digital control system. Also, it is difficult to ensure that G(x)=0. Therefore, in the implementation of the ISM-MPPT algorithm, two measures should be adopted:
Firstly, the calculation of partial differential can be replaced by the calculation of finite-difference ratio, as long as the switching frequency and the sampling frequency of the power electronic circuit are high enough (for example≥10kHZ) [24] .
Secondly, the bandwidth of G(x) should be limited. If -ε ≤ G(x) ≤ ε, set G(x)=0. Where, ε is a positive number with a small value.
In consequence, the system structure of the ISM-MPPT is illustrated in Fig.3(a) , and the algorithm flow chart of the ISM-MPPT is shown in Fig.3(b) . 
III. ANALYSIS OF THE SIMULATION AND EXPERIMENT RESULTS
The simulation software MATLAB/Simulink is used to simulate the solar generation system. Based on MATLAB/simulink the complete simulation system architecture is built.
To test the feasibility and availability of the MPPT control strategy, by using MATLAB/Simulink tool, PV generation system is built to conduct experiments as shown in Fig.1 . Where PV cell model is built by Simulink according to Eqn. (1); both inductance and capacitors of buck DC/DC converter are ideal components; The parameters of the solar cell under the temperature of 25 ℃ and the irradiation of 1000 W/m 2 are listed in Table 1 , The parameters of the buck circuit are presented in Table 2 . 
A. Maximum Power point Tracking Features During the System Startup Process
When the load keeps constant, to study the rapidity performance of the proposed strategy, an experiment under a given weather condition is first done. Here, assume that standard weather conditions are given. It is shown in Fig. 4 that, when the conventional P&O and CSSM-MPPT is used, the settling time of output power is 20ms and 7ms; relatively, the settling time of ISM-MPPT which is shown in Fig.4 (b) is 3.2ms. It is obvious that the rapidity of tracking the MPP is greatly improved by the ISM optimization strategy under given weather conditions. In addition, it can be seen from the Fig.4 (a) that conventional P&O leads to an obvious chattering when the system is working. On the contrary, CSSM-MPPT and ISM-MPPT generate little chattering as shown in the subgraph of Fig.4 (b) and (c) when the system is working at the MPP. Obviously, the ISM-MPPT owns better stability.
To sum up, the maximum power point can be tracked quickly and accurately by ISM-MPPT method, and system possesses a perfect stability after moving to the MPP.
B. Simulation under Varying Weather Conditions
The stability and rapidity of conventional P&O, ISM-MPPT and CSSM-MPPT to realize MPPT have been studied under standard weather conditions by experiments. Here, to compare the transient-state performances among these three algorithms, these simulations are done under corresponding weather conditions: (1) S: constant, T: varying; (2) T: constant, S: varying.
Under condition (1), assume that S keeps at 1000W/m 2 and T corresponding to three temperature value are 25℃, 60℃, 25℃, respectively, the results of simulation are shown in Fig. 5 . Fig.5 (a) shows that, for P&O strategy, the settling times of output powers corresponding to two time intervals are 28ms and 5ms. Fig.5 (b) shows that, for CSSM-MPPT strategy, the settling times of output powers corresponding to two time intervals are 3.3ms and 5.2ms. On the contrast, Fig.5(c) shows that, when the ISM-MPPT method is used, the settling times are 1.5ms and 3.5ms, respectively. 6(a) shows that, with regard to P&O strategy, the settling times of output power corresponding to two time intervals are 30ms and 4ms, Fig. 6(b) shows that, with regard to CSSM-MPPT strategy, the settling times of output power corresponding to two time intervals are 1.3ms and 2.0ms. On the contrast, Fig.6(c) shows that, when the ISM-MPPT method is used, the settling times are 0.7ms and 1.2ms, respectively.
It can be seen from above that ISM-MPPT method can reduce the settling time of output power. The simulation results show that, when the weather parameter varies, the MPPT rapidity can be greatly improved by ISM-MPPT strategy, that is, when the weather varies, ISM-MPPT has better dynamic response speed than P&O and CSSM-MPPT.
The experimental platform is shown in Fig.7 . Table 1 . The parameters of the experiment system are presented in Table 3 . Measuring instruments used are listed in Table 4 . Switch S is in series with Rd2, and these two elements are connected in parallel with Rd1.The switch S is added to simulate the variation of load. When switch S is open, the load is 30Ω, when switch S is closed, and the load turns into 15Ω. The coefficients of P&O is △D=0.02 and sliding mode control law used in the experiment are a=1, k=5 for ISM-MPPT and a=1, k=0 for CSSM-MPPT and ε=5.
PV cell
In this paper, two experiments were conducted, firstly, control switch S to simulate the variation of load, and secondly, a device is used to shield the photovoltaic panels so as to simulate illumination variation.
Moreover, the light is adequate and environment temperature is above 25℃ during the experiment. However, quantity of illumination is vacant owning to the absent of illumination intensity test instrument, and the actual power of photovoltaic cell is lower than the nominal power because of aging phenomenon. Fig. 8 shows the MPPT waveforms during the system startup process. Fig. 8(a) shows the waveforms of P&O Fig. 8(b) shows the waveforms of CSSM-MPPT, and Fig. 8(c) is for ISM-MPPT. The initial conditions of state variables are (V, I, IL, VR) = (61V，0A，0A，0V), which is a point that is far away from the sliding surface corresponding to MPP (Vm, Im). According to Fig. 8(a) , the tracking time of P&O is about 180ms, and the steady-state power is 56W .According to Fig.  8(b) , the tracking time of CSSM-MPPT is about 120ms, and the steady-state power is 56W. The tracking time of ISM-MPPT is about 20ms, and the steady-state power is 60W. Moreover, the waveform of ISM-MPPT is smoother than the other two algorithms after hitting the maximum power point. As a consequence, ISM-MPPT has possess better rapidity and steady-state performance.
C. Maximum power Point Tracking Features During the System Startup Process
D. Dynamic Performance With Load Stepping
In this experiment, the load resistance suddenly changes from 30Ω to 15Ω at t1, and increases back to 30Ω at t2. The waveforms of P&O, CSSM-MPPT and ISM-MPPT are shown in Fig. 9(a), 9(b) and Fig. 9(c) , respectively. Both t1 and t2 are labeled in Fig.9 . According to Fig. 9(a) , the response time of CSSM-MPPT is about 850ms when the load changes. According to Fig. 9(b) , the response time of CSSM-MPPT is about 350ms when the load changes. Based on Fig. 9(c) , the response time of ISM-MPPT is close to 70ms when the load changes. Because the illumination and temperature remain the same during the experiment, the maximum power point does not change, and the system moves back to the MPP status after 70ms.
As a result, ISM-MPPT algorithm possesses faster response speed and stronger adjusting performance than P&O and CSSM-MPPT.
E. Dynamic Performance With Illumination Stepping
In this experiment, the PPGS is already running on the MPP, one of the three photovoltaic cell panels is shorted by a switch to change the illumination intensity. Fig. 10 describes the dynamic performance of the three methods respectively. According to the figures, t1 is the moment that PV arrays are shorted by the switch; t2 is the moments that the system moves back to the steady state.
According to Fig. 10(a) , the tracking time of P&O is about 800ms when the PV arrays are partially shorted .According to Fig. 10(b) , the tracking time of CSSM-MPPT is about 560ms when the PV arrays are partially shorted. Based on Fig. 10(c) , the tracking time of ISM-MPPT is about 180ms when the PV arrays are partially shorted. Therefore, the tracking velocity of ISM-MPPT is faster than that of CSSM-MPPT with illumination intensity mutation. 
IV. CONCLUSION
Aiming at the obvious chattering and unsatisfied response speed of maximum power point tracking of constant speed sliding mode, an index sliding mode maximum power point tracking (ISM-MPPT) algorithm is proposed based on BUCK circuit. The analytical process of new algorithm was described in detail. In order to demonstrate the availability and superiority of ISM-MPPT, contrast simulations and experiments were conducted in three aspects: the tracking features during the system's startup process; the tracking performance with sudden changes of the load and the tracking performance with mutational illumination intensity. According to the results above, the algorithm proposed in this paper showed excellent MPPT tracking performance with a significant decrease buffeting, the output power of PV arrays was well controlled and the algorithm possessed better rapidity and stability concerning P&O and CSSM-MPPT. 
